Axon pruning and neuronal cell death constitute two major regressive events that enable the establishment of fully mature brain architecture and connectivity. Although the cellular mechanisms for these two events are thought to be distinct, recent evidence has indicated the direct involvement of axon guidance molecules, including semaphorins, netrins, and ephrins, in controlling both processes. Here, we review how axon guidance cues regulate regressive events in paradigmatic models of neural development, from early control of apoptosis of neural progenitors, to later maintenance of neuronal survival and stereotyped pruning of axonal branches. These new findings are also discussed in the context of neural diseases and the potential links between axon pruning and degeneration.
T he development of the nervous system involves progressive and regressive events (Cowan et al. 1984; Low and Cheng 2006) . Progressive events like neural proliferation, neurite outgrowth, and synapse formation set up a broad pattern of neural connectivity. Later in development, however, regressive events such as cell death, axon pruning, and synapse elimination are necessary to refine the pattern to a more precise and mature circuitry. Some of the regressive events are crucial for proper brain development and function. Mutations in the apoptotic pathway can lead to gross morphological defects of the brain that result in lethality (Cecconi et al. 1998; Kuida et al. 1998; Kuida et al. 1996; Yoshida et al. 1998) . At later stages, disruption of neuronal death and/or axon pruning can perturb the neuronal network and lead to brain dysfunction (Johnston 2004; Lewis and Levitt 2002; Pardo and Eberhart 2007) .
Axon pruning and neuronal cell death are thought to be controlled by largely distinct cellular mechanisms (Bredesen et al. 2006; Buss et al. 2006; Buss and Oppenheim, 2004; Low and Cheng, 2006) . Axon pruning enables removal of exuberant or misguided axon branches in the absence of cell death, whereas other appropriate connections of the same neuron are maintained. In contrast, cell death removes the entire neuron and ultimately leads to the loss of all neurites associated with the dying parent neuron.
The elimination of axon branches can occur at different levels, either involving small-scale pruning of axon terminals (Fig. 1A) , or a larger-scale removal of inappropriate collateral branches (Fig. 1B) . Despite the differences, it seems that in all pruning events, synapses are commonly formed by transient axonal terminals or branches such that synapse elimination often goes along with axon pruning.
Neuronal cell death takes place at several stages of neural development (see Fig. 4 ). During vertebrate brain development, about 50% of the neurons do not survive into adulthood, most of which die by programmed cell death (PCD), resulting in the loss of the cell and all its synapses and processes (Cowan 2001; Cowan et al. 1984; Yuan et al. 2003) . More recent evidence points to additional roles of PCD at earlier stages of neural development, including at the level of differentiating immature neurons and dividing neural progenitors (Haydar et al. 1999; Kuan et al. 2000) .
"REGRESSIVE EVENTS" IN DISEASES
Axon pruning and neuronal cell death also occur when the nervous system is injured or degenerates (Coleman 2005; Low and Cheng 2006; Luo and O'Leary 2005; Raff et al. 2002) . In Wallerian degeneration, which occurs after axons are severed, the distal portion of the axon degrades quickly, whereas the neuron itself can often survive and the proximal portion of the axon eventually regrows. In contrast, in many neurodegenerative diseases, the axon gradually degrades over time and the neuron dies in the end. This "dying back" mechanism is distinct from Wallerian degeneration. Dying back usually takes place over a much slower time course than Wallerian degeneration, and occurs in a distal to proximal fashion. During neurodegenerative diseases, axon degeneration seems to lead invariably to neuronal cell death.
Axon pruning and Wallerian degeneration have been studied extensively in mouse and Drosophila, and several intrinsic and extrinsic factors have been identified in these processes (Coleman 2005; Low and Cheng 2006) . Classical studies on neural cell death have also led to the discovery of neurotrophic factors and neuro-apoptotic pathways (Buss et al. 2006; Cowan 2001; Oppenheim et al. 2001) . More recent studies have uncovered the roles of axon guidance molecules in neuronal cell death and axon pruning, so far mostly limited to the developmental events. Here, we focus on classical models of axon pruning and PCD in developing vertebrates, and discuss the role of axon guidance molecules in these events.
AXON PRUNING: THE MODELS

Small-scale Axon Terminal Arbor Pruning
Small-scale axon pruning occurs stochastically and may be regulated by neural activity. Classical vertebrate examples of small-scale axon terminal arbor pruning include the pruning of the axon terminals in the neuromuscular junction In small-scale axon terminal pruning, the axon first extends short axon terminal arbors toward cells within the same target area. Later, some of the terminal arbors are randomly pruned through competition. (B) In large-scale stereotyped axon pruning, the neuron first sends long axon collateral branches to multiple appropriate and inappropriate target areas. Later, the branches to the inappropriate target areas are predictably pruned away.
(NMJ) in the peripheral nervous system (PNS) ( Fig. 2A-1 ) and the pruning of climbing fiber inputs to the cerebellum in the central nervous system (CNS) ( Fig. 2A-2) . The NMJ develops from a broad pattern of polyinnervation by muscle fibers to a refined monoinnervation pattern where fibers are connected by a single terminal arbor from a single motor axon (Lichtman and Colman 2000; Luo and O'Leary 2005; Sanes and Lichtman 2001) . Terminal arbors are removed by axon and synapse elimination, rather than by cell death (Riley 1981; Lichtman and Colman 2000; Sanes and Lichtman 1999) . Recent data indicate that these arbors are pruned by axosome shedding (Bishop et al. 2004) , which is associated with lysosomal activities (Song et al. 2008) . The pruning of the climbing fibers also involves elimination of competing arbors and synapses (Hashimoto and Kano 2003; Hashimoto et al. 2009; Lohof et al. 1996; Mason and Gregory 1984) . Interestingly, climbing fiber synapse elimination is associated with structures resembling axosomes (Eckenhoff and Pysh 1979) , suggesting that small-scale terminal arbor pruning might operate along similar cellular mechanisms in the PNS and the CNS (Hashimoto et al. 2009 ).
Large-scale Stereotyped Axon Pruning
Stereotyped Pruning in the Cerebral Cortex
Large-scale stereotyped pruning was first shown in the remodeling of cortical callosal axon branches that project to the contralateral side of the brain (Innocenti 1981; Innocenti and Clarke 1984; Innocenti and Price 2005) (Fig. 2B-1 ). This pruning seems to rely on normal input, as altering visual activity feeding into the projecting neurons leads to profound pruning defects (Dehay et al. 1989; Innocenti and Price 2005; Koralek and Killackey 1990; Shatz 1977) . Another well-studied example of large-scale stereotyped pruning in the cerebral cortex is the refinement of subcortical projections arising from the visual and motor cortices (O'Leary et al. 1990; O'Leary and Koester 1993; Stanfield 1992; Stanfield et al. 1982) (Fig. 2B-2) . Axons originating from neurons of these two cortices are guided initially to subcortical targets that overlap in the brain stem and spinal cord. Later in development, only the collateral branches that are functionally appropriate for each cortical region are retained. Thus, neurons from the visual cortex prune away their branches that extend to motor system targets. In contrast, neurons from the motor cortex prune their branches that extend to the visual superior colliculus. The axon collaterals are removed within the first few weeks of postnatal development. Previous tracing studies reported the presence of fragmented axons, suggesting a degeneration mechanism for the pruning (Reinoso and O'Leary 1989) , but this still needs to be confirmed by ultrastructural analyses. There is still no evidence indicating whether this stereotyped pruning is regulated by neural activity.
Stereotyped Pruning in the Hippocampus
The hippocampus is another area in the CNS in which considerable remodeling of projections occurs (Bagri et al. 2003) . In the hippocamposeptal pruning the pyramidal cells in CA1 send axons to the medial septum at late prenatal stages. After these axons sprout collateral branches to the lateral septum, they prune away the original projections to the medial septum, leaving the hippocampo-septal connection from CA1 only to the lateral septum. Another well-studied stereotyped axon pruning event in the hippocampus is the infrapyramidal bundle (IPB) pruning (Fig. 2B-3) (Bagri et al. 2003) . During development, granule cells of the dentate gyrus extend two bundles of mossy fiber axons to CA3: a main bundle that courses adjacent to the apical dendrites of CA3 pyramidal cells, and a transient IPB of axon collaterals that course adjacent to the basal dendrites of the pyramidal cells (Amaral and Dent 1981; Bagri et al. 2003) . The transient long IPB is stereotypically pruned back later in development. Electron microscopic analysis suggests that the IPB pruning is mediated by axon branch retraction (Liu et al. 2005) , and the length of the IPB is reported to be affected 
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Motor axon terminal arbors Figure 2 . Classical examples of developmental axon pruning in vertebrates. (A) Small-scale axon terminal pruning. In the pruning of the developing neuromuscular junction (A-1), multiple short axon terminal arbors compete for one muscle fiber, but only one arbor eventually stays. In the pruning of the climbing fiber terminals in the cerebellum (A-2), the cell body of a Purkinje cell is initially innervated by multiple climbing fiber terminal arbors, but later only one terminal arbor can climb up the dendrites of the Purkinje cell. All other terminal arbors are pruned. (B) Large-scale stereotyped axon pruning. In the pruning of the cortical callosal projections (B-1), long projections from layer III/IV/VI visual cortical neurons to the contralateral cortex are pruned. In the pruning of corticospinal projections (B-2), long projections from layer V visual cortical neurons to multiple subcortical target regions are pruned. In the pruning of hippocampal mossy fibers (B-3), the infrapyramidal branches of the mossy fibers from the dentate granule cells to the CA3 region are pruned. Finally, in the formation of the retinotopic map (B-4), the overextended retinal axons that pass their terminal zone in the midbrain are pruned.
by relative levels of activity in the hippocampus (Adams et al. 1997 ).
Stereotyped Axon Pruning in the Topographic Mapping of Retinal Projections
In the adult nervous system, most areas of the brain contain connections that are organized in a functional pattern called a topographic map. The best-studied example is the retinotopic connections of the retinal ganglion cell (RGC) axons to the midbrain (Fig. 2B-4 ) (Flanagan 2006; Luo and Flanagan 2007; McLaughlin and O'Leary 2005) . In early development of the chicken and rodent visual system, the axonal projection map is less refined as RGCs overextend their axons beyond their intended targets. This is followed by interstitial branching of axon collaterals to the proper terminal zone. The cellular mechanism of this pruning has not been elucidated; however, axon tracing studies have revealed an increase in the blebbing of axonal processes, which is reminiscent of axonal degeneration (Nakamura and O'Leary 1989) . After stereotyped pruning of overextended axon branches, the retinotopic map is still not completely refined. Normal patterns of visual activity are required to further refine the broad distribution of secondary and tertiary arbors that branch off from the axon terminals (McLaughlin and O'Leary 2005) .
GUIDANCE MOLECULES IN AXON PRUNING Intrinsic and Extrinsic Factors
It is likely that the molecular mechanisms for each pruning event are quite diverse. In principle, axon pruning can be initiated by intrinsic degeneration or a retraction program because of maturation or differentiation of the neuron. Alternatively, pruning can be triggered by extrinsic factors from the environment. In the past decade, studies from model organisms have identified intrinsic and extrinsic factors that can regulate pruning processes. For example, many axons and dendrites in Drosophila at larval stages are extensively pruned during metamorphosis (Truman 1990 ). Ecdysone is a major extrinsic factor that triggers metamorphosis: It is conceivable that an ecdysone receptor and a homolog of mammalian retinoic acid receptor are required cell-autonomously for the pruning (Lee et al. 2000; Luo and O'Leary 2005) . However, not all pruning events in Drosophila are associated with hormones and axon degeneration. At the Drosophila NMJ, a rapid disassembly of synapses and the retraction of axonal arbors occur concurrently with a proliferative phase of synaptic growth (Eaton et al. 2002; Hebbar and Fernandes 2004) . Various intrinsic factors have been identified to regulate the pruning of axons and dendrites in Drosophila. These include the ubiquitin-proteosome system (Kuo et al. 2006; Watts et al. 2003) , regulators of cytoskeletal dynamics (Billuart et al. 2001; Lee et al. 2009 ), caspase activities , transcription factors (Parrish et al. 2007 ), RNAbinding proteins (Hoopfer et al. 2008) , proteins that hold sister chromatids together (Schuldiner et al. 2008) , and the FMRP protein disrupted in fragile X mental retardation (Tessier and Broadie 2008) . Notably, molecular mechanisms involved in axon pruning in Drosophila share similarities with Wallerian degeneration in vertebrates. Wallerian degeneration is thought to be mediated by an intrinsic mechanism of axon self-destruction (Avery et al. 2009; Coleman et al. 1998; Conforti et al. 2000; Lunn et al. 1989; Mack et al. 2001) , which also involves the ubiquitin-proteosome system Zhai et al. 2003) .
Metamorphosis in Drosophila is a mass remodeling of the entire nervous system, which happens globally and simultaneously (Truman 1990) . This is in contrast to axon pruning in the mammalian nervous system that occurs locally and at multiple developmental stages (O'Leary and Koester 1993). The fact that Drosophila pruning is similar to vertebrate Wallerian degeneration, a pathological but not developmental process, might suggest that axon pruning in Drosophila is different from developmental stereotyped axon pruning in vertebrates. Indeed, the large-scale pruning events are preserved in mice defective in Wallerian degeneration (Hoopfer et al. 2006) . Different groups of intrinsic and extrinsic factors have been identified in regulating developmental axon pruning in vertebrates. Although neural activity is thought to play important roles in small-scale axon arbor pruning, the molecular factors that mediate this type of pruning are largely unknown. In contrast, some molecular factors have been shown to play roles in large-scale stereotyped pruning. As for intrinsic factors, a homeodomain transcription factor Otx1 has been found to regulate the CST pruning of the visual cortex, although theunderlying mechanisms remain unclear (Weimann et al. 1999) . Hormones and trophic factors have traditionally been thought to be the major extrinsicfactorstoregulatelarge-scalestereotyped axon pruning in vertebrates (Cowan et al. 1984; Innocenti and Price 2005; Singh et al. 2008) , but similarly to ecdysone in Drosophila, their effects are often broad and nonspecific. Recently, axon repulsion molecules have been recognized as an important group of extrinsic factors in regulating stereotyped axon pruning.
Semaphorin, Neuropilin, and Plexin
Semaphorin ligands and their receptors, neuropilins and plexins, have been implicated in large-scale stereotyped pruning processes in the central nervous system (Bagri et al. 2003) . The hippocampo-septal pruning is defective in the plexin-A3 mutants. Sema3A is expressed in the relevant target at the time of pruning, suggesting that Sema3A, through plexin-A3, regulates the hippocampo-septal pruning. During the stereotyped pruning of the IPB, granule cells express plexin-A3, plexin-A4, and neuropilin-2, and Sema3F is expressed in a spatially restricted manner along the areas coursed by the IPB projections. Disruption of any of these genes in the mouse results in profound pruning defects in the IPB (Bagri et al. 2003; Faulkner et al. 2007; Sahay et al. 2003) , indicating that this signaling pathway regulates the IPB pruning.
Recent data also indicate that Sema3F signaling through neuropilin-2, plexin-A3, and plexin-A4 are differentially required for the stereotyped pruning of the corticospinal tract (Low et al. 2008) . Plexin-A3, plexin-A4, and neuropilin-2 are specifically expressed in the visual, but not motor cortex at the time when visual CST axon branches are stereotypically pruned. Mutant analysis shows that the visual CST pruning is defective in either neuropilin-2 mutants or plexin-A3 and plexin-A4 double mutants. However, no motor CST pruning defect can be detected in these mutants. Sema3F is strongly expressed in the dorsal spinal cord at the time of pruning. Thus, Sema3F signaling is required for the pruning of the visual CST.
Quantitative immuno-electron microscopy has shown that the IPB axons form transient synaptic contacts in their transient target region before they are pruned (Liu et al. 2005) . The pruning of the IPB is preceded by the elimination of these immature synaptic contacts, which is triggered by the action of Sema3F signaling. Interestingly, the transient visual CST axons also form synaptic contacts with neurons in the spinal gray matter, suggesting that many of the transient branches in the CNS form synaptic contacts before pruning (Low et al. 2008) .
How can axon repellents such as semaphorins also regulate synapse elimination and axon pruning? One of the main signaling effects of axon repellents is to induce local or global cytoskeletal rearrangement in axons. Thus, axon repulsion, synapse elimination, and axon pruning may all be mediated through changing cytoskeletal dynamics, and the differences seem to lie in the timing of the signaling and the scale of these effects (Fig. 3) (Waimey and Cheng 2006) . Take semaphorin signaling as an example: In axon repulsion, growing axons that already express plexins on their growth cones turn away from pre-existing semaphorin gradients before they can reach the tissues that secrete semaphorins (Fig. 3A) . In axon pruning, however, axons first grow into a transient target region in the absence of semaphorin signaling. This may be because of the absence of semaphorin expression by the target, a lack of plexin expression on growth cones, or both. Later, activated semaphorin signaling triggers the pruning of axon branches that have grown into this area (Fig. 3B) . Finally, the removal of synapses also occurs as a result of cytoskeletal rearrangement near synaptic contacts. In this situation, activated semaphorin signaling induces collapse of pre-and postsynaptic terminal structures and causes subsequent elimination of synapses (Fig. 3C ).
Ephrin and Eph
Stereotyped pruning of the overextended axon branches during retinotopic map formation is regulated by a gradient of signaling by the Ephrin-Eph family of tyrosine kinases. During development, the graded Ephrin-A-EphA signaling along the anterior-posterior axis and the graded Ephrin-B-EphB signaling along the medial-lateral axis control the development of the two-dimensional map (reviewed in Flanagan and Vanderhaeghen 1998; Luo and Flanagan 2007; McLaughlin and O'Leary 2005) . It is interesting to note that although Ephrin-BEphB signals bi-directionally to direct retinal (C ) Similarly, if the repellent signaling is activated after the transient synapse is formed, the synapse is eliminated as a consequence of the collapse of the axon or dendritic terminal. The presynaptic axon terminal is cartooned with vesicles (small white circles); the postsynaptic dendritic terminal is cartooned with neurotransmitter receptors (brown ovals).
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Other Related Molecules
Until now, there has been no other axon guidance molecule implicated in the developmental axon pruning in vertebrates. However, a cell death related receptor, death receptor 6, has been implicated in the stereotyped axon pruning during the retinotopic mapping. This receptor is shown to activate caspase 6 to specifically induce axon degeneration (Nikolaev et al. 2009 ). In addition, a small-scale pruning of the neurites of a developing interneuron has been described in Caenorhabditis elegans (Kage et al. 2005 ). This pruning occurs presumably by retraction and is regulated by the transcription factor MBR-1 as well as by extrinsic Wnt ligands ). As shown in Figure 3 , axon repellents can act as an extrinsic pruning factor in certain context. We can reasonably expect that additional axon repellents such as netrins and slits play a role in developmental pruning. As many of the pruning events described here are associated with neural activity, it will be important to explore if and how activation of, or response to, these extrinsic factors is coupled with neural activity during developmental axon pruning.
NEURAL CELL DEATH AND DEVELOPMENT
As in most other parts of the developing body (Baehrecke 2002) , cell death constitutes an important mechanism contributing to the patterning of the brain (Fig. 4) . Two main types of cell death can be distinguished, based on their timing and cellular targets: a late cell death that strikes mainly postmitotic neurons, and an early cell death of dividing progenitors or immature neurons, independently of synaptogenesis (Buss et al. 2006) .
These waves of cell death have been described throughout the developing brain, but their relative importance differs from region to region. The underlying molecular and cellular mechanisms also seem to differ, in particular the extrinsic cues and receptors involved, but it is generally admitted that all eventually converge to intracellular pathways controlling classical apoptotic cascades (Bredesen et al. 2006; Yuan et al. 2003) . Interestingly, most axon guidance cues, including netrins, semaphorins, and ephrins, have now been shown to be involved in the control of neural cell death, either at the level Following ephrin/Eph gain of function, the rate of apoptosis of neural progenitors is increased, resulting in a reduction of the pool, and thereby a decrease in forebrain size.
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Neuronal Death and the Neurotrophic Model
Neuronal death is by far the best described and understood to date, and will not be described in full detail here, given the number of excellent reviews dealing with this classical chapter of developmental neurobiology (Buss et al. 2006; Buss and Oppenheim 2004; Cowan 2001) . It has been known for decades that a large proportion of neurons undergo PCD at the time of synaptogenesis. Seminal experiments demonstrating the physiological relevance of these regressing events mainly focused on the development of the peripheral nervous system and of neuromuscular projections. Key findings included the observation that peripheral targets can influence the final number of neurons, essentially through the regulation of neuronal survival. This led to the identification of the first neurotrophic cue, nerve growth factor (NGF), followed by the other neurotrophic factors such as BDNF, GDNF, and NT3-4, which have all been implicated in neuronal survival (Cowan 2001; Huang and Reichardt 2001) , and some of which may also act as axon guidance cues (Lumsden and Davies 1986; O'Connor and Tessier-Lavigne 1999; Singh et al. 2008 ). According to the neurotrophic hypothesis, neurons compete for access to neurotrophic factors that are released in limiting amounts by their peripheral targets. In this case, the apoptotic cascades are triggered by withdrawal of the factor, which when present control positively pro-survival cascades through their receptors, mainly through a complex retrograde signaling process (Huang and Reichardt 2001; Zweifel et al. 2005) .
Neurotrophin withdrawal is thus a major trigger of apoptotic pathways, but pro-apoptotic effects of Neurotrophins or their precursors have also been described, in particular through the p75 receptor (Frade et al. 1996; Raoul et al. 2000) . These proapoptotic effects have been proposed to increase the efficacy of the competition process, by enabling to decrease actively the survival or axon outgrowth of neuronal competitors (Deppmann et al. 2008) .
The prominent role of neurotrophins in regulating neuronal survival in the peripheral and neuromuscular systems has been widely established in vivo, in particular through the studies centered on mouse mutants for neurotrophins and their receptors, but such analyses have yielded surprisingly few phenotypes related to cell death within the CNS (Buss et al. 2006; Oppenheim et al. 2001) . Although these findings have been mainly interpreted as evidence for a high degree of redundancy of neurotrophic genes in the CNS, they also leave open the possibility that additional cues could be involved in specific patterns of neuronal death in these contexts, including axon guidance factors.
Although neuronal death is classically thought to contribute to the qualitative and quantitative matching of presynaptic and postsynaptic partners, in some cases it appears that neurons undergo PCD even before reaching their target (Buss et al. 2006; de la Rosa and de Pablo 2000) . This suggests that neuronal death could contribute to other regulatory processes, such as the correction of errors of axonal navigation, which could be particularly relevant in the case of cell death events mediated by some axon guidance molecules. Neuronal death has also been proposed to play a role in sculpting the fine pattern of connectivity in some structures, such as the mapping of retinal projections to the superior colliculus (Buss et al. 2006; Cellerinoetal.2000; O'Leary et al. 1986 ), although from the data available so far, it seemsthat pruning of axon branches is by far the most prominent regressive event involved in topgraphic mapping.
Early Neural Cell Death and Brain Morphogenesis
The physiological meaning of apoptosis in neural progenitors has remained largely unexplored for a long time (Bello et al. 2003; Kuan et al. 2000) . The presence of significant levels of apoptosis in the proliferative zone of the mouse brain (Blaschke et al. 1996) , since then confirmed in other species including the human (Rakic and Zecevic 2000; Yeo and Gautier 2003) , suggested that cell death is not a phenomenon exclusively restricted to postmitotic neurons, but this did not necessarily imply that apoptosis regulation was linked to brain patterning. A first important hint came from the analysis of caspase gene invalidation in mutant mice: The mutants invalidated for pro-apoptotic genes Caspase-3, Caspase-9, and Apaf1 present a similar phenotype, consisting in a drastic reduction in early cerebral apoptosis and an inappropriate amplification of specific populations of neural progenitors, resulting in brain exencephaly and neural overgrowth (Cecconi et al. 1998; Hakem et al. 1998; Kuida et al. 1996; Kuida et al. 1998; Pompeiano et al. 2000) . Most strikingly, the overgrowth is mostlyconfined to the forebrain, including sometimes an increase in the thickness and surface of the cerebral cortex.
These data support the idea that even modest modifications in the size of the progenitor pool during its exponential growth can directly affect the final size and shape of the mammalian forebrain, which can occur by influencing the proliferation, but also the survival of neural progenitors (Caviness Jr. et al. 1995; Rakic 2005) .
Region-specific apoptosis of neural progenitors was also proposed recently as a patterning mechanism to restrict in time and space the size of distinct neural stem cell lineages in Drosophila CNS, thereby playing an essential role in the spatial patterning of the nervous system (Bello et al. 2003) .
In vertebrates, the contribution of apoptotic processes to neural regional patterning remains unclear at this stage, although the patterns of neural progenitor apoptosis are strikingly dynamic in time and space (Blaschke et al. 1996; Rakic and Zecevic 2000; Yeo and Gautier 2003) . On the other hand, several extracellular cues have been recently identified that control early neural cell death. Intriguingly, most of them turn out to be axon guidance factors as well.
AXON GUIDANCE MOLECULES AND NEURAL CELL DEATH Netrins and Their Receptors
Netrins and their receptors DCC and Unc5 are the first axon guidance actors for which a role in neural cell death was proposed: In vitro data first suggested that overexpression of either DCC or Unc5 could result in increased apoptosis independently of any ligand, although this effect could be largely suppressed by treatment by Netrin ligands (Forcet et al. 2001; Llambi et al. 2001; Mehlen et al. 1998) . These observations led to the "dependence receptor" hypothesis, according to which Netrin receptors can function in absence of ligands as pro-apoptotic factors, although this activity is suppressed following ligand binding (Bredesen et al. 2004) .
Cell death mediated by DCC and Unc5 has been linked to the cleavage of the intracellular domain of the receptor by caspases, which releases specific proteolytic fragments that mediate the amplification of the apoptotic process (Forcet et al. 2001; Llambi et al. 2001; Mehlen et al. 1998) . It has been proposed that dependence receptors thus act mainly as amplifiers of low amounts of caspase activity, which yield to efficient cell death through the release of a part of their intracellular domain that is sufficient to convey death signals. In the case of Unc5 receptors, this intracellular domain bears structural similarities to a death domain structural motif, similar to the one found in p75 and other pro-apoptotic receptors (Frade et al. 1996; Haase et al. 2008; Llambi et al. 2001) . Surprisingly, however, the intracellular part of DCC that seems to be necessary and sufficient for apoptotic effects does not bear any homology with such domains.
In vivo data have confirmed a role for Netrin/DCC/Unc5 in the regulation of survival of several neuronal populations of the CNS, in particular in the hindbrain and spinal cord (Fig. 4b) (Bloch-Gallego et al. 1999; Furne et al. 2008; Llambi et al. 2001; Marcos et al. 2009 ). For instance, in Netrin knock-outs, inferior olivary neurons have been shown to display guidance defects, but also decreased neuronal survival and number (Bloch-Gallego et al. 1999; Marcos et al. 2009 ). Importantly, although similar guidance defects are observed in DCC mutants, the survival of the neurons appears to be preserved (Marcos et al. 2009 ). Similarly, the guidance of some of the dorsal spinal cord neurons are affected in Netrin and DCC mutants,
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One important pending question in this context concerns the physiological role of Netrin-mediated control of neuronal survival. One possibility is that it acts as an adjuvant signal to neurotrophic factors in mediating competition between presynaptic neurons, but acting largely before the neurons reach their final target. Alternatively, DCC/Unc5-mediated neuronal death could have evolved also as a correction mechanism to remove axons that may have followed wrong pathways, or reached inappropriate targets.
Semaphorins
The involvement of semaphorins in neural cell death was first suggested by in vitro experiments that identified Sema3A as a death inducing factor for sympathetic neurons (Shirvan et al. 1999) and neural tumor cells (Bagnard et al. 2001) . Intriguingly, Sema3A displays differential effects on neurons cultured in the presence of different combinations of neurotrophic factors, suggesting that it could act in combination with them to trigger apoptosis of specific sensory neuron populations (Ben-Zvi et al. 2006) . A first in vivo confirmation of these findings was recently provided by the analysis of sensory neurons in Plexin-A3 knockout mice (Ben-Zvi et al. 2008 ). Disruption of Plexin-A3 results in a decrease in the rate of apoptosis of dorsal root ganglion (DRG) neurons in vivo, particularly at early stages of development. Besides, Sema3A knockout mice also display a reduction of DRG neuronal apoptosis in a sensitizing genetic background, i.e., in the heterozygotic Bax mutants. The disruption of apoptotic rates was accompanied by an increase in the number of DRG neurons in Plexin-A3 mutants, at least at some levels of the spinal cord, consistent with the hypothesis that semaphorin/plexin signaling can influence neuronal survival and number in vivo. More work is clearly needed to fully assess the physiological relevance of semaphorin-mediated neuronal death within the CNS, including in pathological contexts, especially as semaphorin inhibition has been shown also to reduce the death of retinal ganglion cells following optic nerve axotomy in the adult rat (Shirvan et al. 2002) .
Ephrins
Early reports suggested that ephrin could control cell survival in vitro (Dohn et al. 2001; Yue et al. 1999 ), but without clear relationship to PCD during neural development.
In vivo demonstration of their implication came from genetic studies in mice (Fig. 4c) , focusing on Ephrin-A5 and its receptor EphA7 (Depaepe et al. 2005) . In vivo gain of Ephrin-A/EphA function, achieved through ectopic expression of Ephrin-A5 in all cortical progenitors expressing EphA7, causes a transient wave of neural progenitor cell apoptosis, resulting in a premature depletion of progenitors and a subsequent dramatic decrease in cortical size. Conversely, in vivo loss of EphA function, achieved through EphA7 gene disruption, causes a reduction in apoptosis occurring normally in forebrain neural progenitors, resulting in an increase in cortical size and, in extreme cases, exencephalic forebrain overgrowth, strikingly resembling the phenotypes observed in caspase-3, caspase-9, or Apaf1 invalidated mice (Depaepe et al. 2005; Rakic 2005 ). The spatial and temporal expression pattern of ephrin/Eph genes in the forebrain suggests that ephrin-mediated apoptosis could control not only the cerebral size, but also its regional patterning (Depaepe et al. 2005) . In this context it will be interesting to study mouse mutants for different ephrin/Eph genes displaying particular regional or temporal patterns of gene expression, and thereby explore the relationships between apoptosis and brain patterning.
More recently, ephrin/Eph cues have been shown to be pro-apoptotic in other cellular contexts (Figueroa et al. 2006; Noren et al. 2006 ), but also in some cases they seem to act as prosurvival factors, at least in adult mouse neural stem cells (Furne et al. 2009; Ricard et al. 2006 ). In the latter case, it has been proposed that EphA4 may act as a dependence receptor that would promote cell death in the absence of ephrin ligands, following caspase cleavage processes similar to the ones described for DCC and Unc5 (Furne et al. 2009 ).
Other Guidance Molecules
Sonic Hedgehog (SHH) is best known for its role in patterning the vertebrate neural tube, but was also identified as an axon guidance cue for commissural axons (Charron et al. 2003) . Its role in the control of neural death was first suggested by embryological experiments showing that removal of the notochord could lead to massive death in the neural tube, which could be rescued by SHH (Charrier et al. 2001 ). The SHH receptor Patched was later shown to have an intrinsic pro-apoptotic activity both in vitro and in the chick neural tube, which could be rescued by SHH stimulation, consistent with a dependence receptor activity (Thibert et al. 2003) . More recently, the signaling pathway underlying Patched-mediated apoptosis was shown to involve direct interaction with a proapoptotic complex comprising caspase 9 and the adaptor protein DRAL (Mille et al. 2009 ). As SHH and Netrins both have attractant effects on commissural neurons, it will be interesting to test how each cue interacts with the other to coordinate, not only the navigation, but also the survival of similar neuronal populations.
Other factors involved in axonal and dendritic patterning have been involved in the extrinsic regulation of neural cell death, such as lysophosphatidic acid (LPA) (Kingsbury et al. 2003) and CPG15 (Putz et al. 2005) , that were found to control cerebral size by promoting the survival of the neural progenitor pool. Repulsive Guidance Molecule (RGM) and its receptor Neogenin were also found to be involved in neural cell death in the chick neural tube, following a mechanism seemingly similar to the Netrin/DCC-dependent system (Matsunaga et al. 2004 ).
Links Between Axon Guidance and Apoptotic Pathways
Recent data have pointed to the implication of several apoptosis effectors and regulators in the control of neurite patterning (Campbell and Holt, 2003; Geisbrecht and Montell 2004) . Caspase 3 has been shown to be activated at the retinal ganglion axon growth cone following stimulation by several repellent guidance cues such as Netrin1 and LPA. Caspase 6 on the other hand was recently found to be involved in axon pruning, downstream of the death receptor DR6, following stimulation by APP derived peptides (Nikolaev et al. 2009 ). Future work should highlight to what extent cell death is the result of acute cytoskeletal disruption, in a way that would be similar to anoikis-related cell death, or whether specific upstream signaling components are actually linking the two processes, depending on the cellular context. More in depth in vivo analyses are also clearly required to assess the physiological role of axon guidance cue-mediated cell death, and to relate it to the better characterized Neurotrophin-dependent systems.
CONCLUSIONS AND FUTURE DIRECTIONS
Overall, the data reviewed here indicate that most axon guidance cues have evolved the capacity to control neural cell death and axon pruning in addition to their prominent effects on axon guidance. These pleiotropic effects thus bear striking similarity to the multiple roles of classical neurotrophic factors during neural development, which mainly control neuronal survival and neurite outgrowth, but also can act as short-range guidance or pruning factors.
An important challenge in the field will be to understand how diverse guidance cues seem to be able to control such different aspects of neuronal biology, in such a specific way that is highly dependent on the cellular and developmental contexts. In other words, to what extent do different guidance cues converge to similar intracellular pathways to control cell death and survival, as well as axon guidance and pruning? Another major issue will be to link the findings related to axonal pruning and neural cell death to neural pathologies, which in most cases involves axonal degeneration and neuronal loss.
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